In order to meet future emission targets, heavy-duty (HD) diesel engine manufacturers are currently focussed primarily on aftertreatment technology. Altering fuel composition is an alternative route towards achieving lower emission levels. The potential of oxygenated fuels to significantly reduce particulate matter emissions has already been established in the past on older engine technology. This study will attempt to extrapolate previous results to current and future emission levels. To this end, exhaust gas recirculation (EGR) was applied to a modern EURO-3-type HD diesel engine. Measurements were performed in various engine working points, with EGR-levels, and start of fuel delivery timings, set to yield NO X levels between 2.0 and 3.5 g/kWh (typical for EURO-4 / EURO-5) running on regular EN590: 2005 diesel fuel. A total of 14 blends with oxygenates were tested, containing either a low-sulphur diesel fuel (e.g. Swedish Class I) or a gas-to-liquid synthetic diesel fuel as a base fuel. Results are presented and the impact of fuel composition analysed and compared with results from previous research.
INTRODUCTION
The growing concern about the potential global warming impact of fossil fuel combustion and the ambition to diversify energy resources have lead to the identification of targets for the introduction of alternative, climate neutral transportation fuels in Europe. Currently available non-fossil fuels are almost exclusively bio-ethanol and bio-diesel (Fatty Acid Methyl Esther). On a somewhat longer term biomass gasification followed by a synthesis process is expected to become another major route towards the production of non-fossil fuel. Currently limited amounts of paraffinic synthetic diesel are already being produced from natural gas utilizing a Fischer-Tropsch-like synthesis process and the feasibility to produce similar fuels from biomass is subject of current investigations. An interesting property of paraffinic synthetic diesel and of oxygenated fuels such as ethanol, methanol, DME and biodiesel, is their positive (i.e. reducing) effect on particulate matter (PM) emissions. Previous studies on oxygenates have shown a strong correlation between PM reduction and fuel oxygen content. In a large number of these studies (e.g. [1] ), the response of PM emissions to fuel-bound oxygen mass fraction increase is especially strong for low oxygen levels, but is seen to level off with increasing fuel oxygen content. Other studies [2] however, suggest a near linear response of PM emissions to oxygen content. Similarly, several studies confirmed a significant reduction in PM emission when exchanging conventional fuel for synthetic diesel [3] . Obviously, these results could prove to be very useful to HD diesel engine manufacturers in years to come. In order to meet EURO-4/EURO-5 emission targets (see Table 1 for the European Steady State Test Cycle (ESC) emission legislation target levels) these companies are currently leaning towards aftertreatment technology. Even lower NO X emission levels, will call for the employment of additional technology. Among the most likely candidates are exhaust gas recirculation (EGR) and advanced (multiple injection) common rail fuel injection equipment. Given the above observations, an alternative, or add-on solution could be the introduction of oxygenated fuels. Consequently, it was decided to conduct a study on the effectiveness of various future oxygenated fuels in reducing PM emissions, for in-cylinder conditions typical for future HD diesel engines. Proceedings of VAFSEP2004, 6-9 July 2004, Dublin, Ireland 2 TEST FUEL MATRIX Based on data found in the literature (e.g. [1, 2] and [3] ), it was decided to select the following target fuel blend oxygen mass fractions: 0 %, 6 %, 9.5 % and 15 %. Once again based on literature data, the following oxygenates were chosen for blending: ethanol in combination with rapeseed-methyl-ester (ETOH + RME), tripropylene-glycol-monomethyl-ether (TPGME), di-butyl-maleate (DBM) and tri-ethylene-glycoldimethyl-ether (TGM). To discriminate between the effects of boiling point and cetane number (CN), ignition improvers were added to some blends containing ETOH and RME, in order to approximate CN values characteristic for current diesel fuel. The oxygenates were blended with two different base fuels, yielding a fuel matrix consisting of 14 different blends, the most relevant properties of which are listed in Table 2 . 
ENGINE TEST RIG
The engine tests were performed on a turbocharged and charge cooled EURO-3 DAF HD diesel engine (see Table 3 and Figure 1 ). 
Test engine lay-out
The first step, given the objectives of this study, was to redesign the base engine to yield lower (EURO-4 to EURO-5 like) engine-out emission levels running on regular diesel fuel. For this purpose, and in-line with previous observations, it was decided to implement EGR on the base engine as in a previous study by one of the authors it was demonstrated that using EGR a 50 % reduction of NO X emissions could be achieved without excessive PM increase [4] . The most likely configuration for EGR application to a modern HD diesel engine is the so-called short-loop cooled EGR configuration, in which exhaust gas is extracted prior to turbine entry and is subsequently fed into the intake after the charge cooler [4] . As shown in Figure 1 , for this study an alternate configuration was chosen. Exhaust gas is recirculated in a long route, originating upstream of the turbocharger turbine and ultimately ending upstream of the compressor intake. To avoid compressor fouling, a continuously regenerating (catalytic active) diesel particulate filter (cDPF) Proceedings of VAFSEP2004, 6- [6] and was found -in the past -to correlate well with actual dry-PM measurements performed on HD diesel engines.
Selection of Engine Working Points
In Figure 2 the engine test speeds (A, B and C) are shown for the ESC steady-state emissions test procedure. To reduce the number of experiments, and therefore the amount of required test fuel, it was decided to limit testing to three key engine (speed/load)-combinations ( Figure 2) . Two engine test points are at the A engine speed at 50 % (A50) respectively 100 % load (A100). The third working point is the socalled ROSI point. The ROSI engine working point at 1650 rpm corresponds to a power output of 80 kW. In a typical HD truck application this work point will yield a cruising velocity of approximately 85 km/h. For many HD vehicles, this velocity, characteristic for motorways, represents the most common driving condition.
This particular engine working point will therefore yield a fuel consumption level typical for this engine application. 
Figure 2. Engine test operating points
As can be concluded from the test engine layout described earlier, numerous operating conditions can be realized via manipulation of VNT-setting and/or EGR valve position for any given torque and speed combination. In this way different combinations of external EGR (EGRe) and AFR can be imposed. Moreover, by means of varying the start of fuel pump delivery (SOD) the start of fuel injection (SOI) can be chosen arbitrarily as well. Realistic values of EGR and SOI were chosen in each of the three studied engine work points to produce NO X emission levels varying from 2 and 3 g/kWh. Meanwhile, air-fuel ratio (AFR) levels were maximized (by closing of the VNT) to prevent excessive PM formation. In practice, however, it was decided to limit VNT closing (and therefore limit AFR increase) such as to avoid running with unrealistically negative pressure drop levels across the engine. Not only would the ensuing increase of internal EGR counteract the effect of AFR increase on PM emissions, but fuel consumption would suffer as well [5] and EGR would not be uniquely defined. NO X (g/kWh) 3.0 3.0 3.0 3.0 3.0 Table 4 lists an overview of the engine working conditions selected for this study (data are listed for the 3 g/kWh NO X target and for regular diesel fuel EN590: 2005). From this table it becomes clear that AFR and EGR are at realistic levels and, although the pressure drop across the engine is negative, the ∆P-values are in-line with those measured in prototype EURO-4 EGR-engines [4, 5] . The reproducibility was high for all working points and for all measurements the 95 %-error-band was estimated. For all measurements these estimates had acceptably low values.
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TEST PROCEDURE
It was decided to keep engine torque and speed constant when switching between fuels, mimicking the drivers desire for constant vehicle performance independent of fuel quality. In addition, it was decided not to modify the fuel injection equipment (FIE). Taking into account the FIE of the test engine was cam-driven and the relatively low heating values and fuel densities of various test blends, this implied longer injection durations for these particular fuels. In addition, it was decided not to alter VNT/EGR-valve position. Naturally, this will have some effect on the engine gas exchange process (i.e. AFR and EGR) and on combustion phasing. This, in turn, will affect the corresponding NO X emissions. Furthermore, these effects will be strengthened or weakened depending on the blend specific CN. To safeguard the original NO X target-range of 2 to 3 g/kWh, it was therefore decided to widen the SOD timing sweep during engine testing.
FUEL TESTS: ANALYSIS AND DISCUSSION
Basic PM/NO X /Bsfc-trade-off's
In Figure 3 typical test results are shown for a specific part load engine operating condition and for a set of test fuels. When switching from regular diesel to pure FT-diesel, an important PM emissions reduction can be observed at this A50 working point. Similarly, NO X is observed to decrease; this can be attributed to the higher CN of FT diesel leading to a smaller amount of fuel being burnt in the premixed combustion phase. Similar results were obtained for the other fuels and for other operating conditions. Obviously, blending the FT base fuel with oxygenates results in an additional, strong, PM reduction. For 15 m% O PM levels around 0.01 g/kWh are reached. At the same time, energy consumption (in MJ/kWh), Figure 4 , is comparable to and in most cases better than on regular diesel fuel! 
Effect Of Fuel Oxygen Mass Fraction on PM Emission
In order to compare the effectiveness of different oxygenates on reducing PM emissions, the measured data requires additional manipulation. Obviously, any switch between fuels will result in a change in both PM and NO X emissions. To determine PM-data at a given equal target NO Xlevel, it was decided to interpolate linearly between the measured results. Figures 3 reveals that this approach is not likely to result in significant additional error/uncertainty for NO Xtarget levels above 2.5 g/kWh.
Proceedings of VAFSEP2004, 6- FT basis SC1 basis Figure 5 . PM-reduction with increasing oxygen content for ROSI, 15% EGR Figure 5 summarizes the results of such interpolation exercise for the ROSI-15% EGR engine operating point. A number of observations can be made based on this figure:
• PM-reduction efficiency with this engine and these fuel blends is even higher than values found in the literature [1, 2] . • In line with earlier studies, marginal PM reduction is higher for low m% O and levels off for higher O-values.
• For low m% O there are significant distinctions between oxygenate blends with similar m% O.
• In general, oxygenate blends, with FT as a base fuel, have a larger PM reduction than those containing SC1 as a base fuel.
• At O-mass fraction levels in excess of 15 % this difference becomes negligible. All these observations are confirmed for the other working points. This is illustrated in Figure  6 . This figure shows the relative dimensionless PM emission as a function of oxygen content for all engine test points. For the SC1 base fuels the mean PM-reduction of all blends with a comparable m% O is shown. For the five FT base fuels all measurements are presented for each engine working point. Especially at lower m% O levels, PM emission reduction appears to be more prevalent for blends with FT as a base fuel. This effect is smaller at higher m% O levels, where the type of base fuel seems to be of less significance. In addition, the effects of oxygenate structure and engine-working point conditions are strongly reduced at higher O-mass fractions. 
To investigate the influence of other fuel properties than O-content, four fuel blends (see table 5 ) with similar oxygen mass fraction (i.e. 9 m%) are compared to one another. 
